The Salmonella typhimurium microsomal test system for mutagenic activity was successfully used to detect the presence of mutagenic compounds in the smoke condensates of several types of cigarettes. The condensates were shown to contain compounds which could cause frameshift mutations when activated by microsomal enzymes. An analysis of fractions of smoke condensate revealed that the detected mutagenic activity was distributed in several of the fractions. Most of the activity of the whole condensate was in basic fractions and in a weakly acidic fraction. Condensates from cigarettes treated with magnesium nitrate differed from other condensates in two respects. They contained frameshift mutagens which did not require microsomal activation and mutagens which could cause base-pair substitution mutations. Although the detection system usually employs rat liver microsomal preparations, a rat lung microsomal preparation was also found to be capable of converting smoke condensates and known chemical carcinogens into mutagenic forms.
smoke condensates of several types of cigarettes. The condensates were shown to contain compounds which could cause frameshift mutations when activated by microsomal enzymes. An analysis of fractions of smoke condensate revealed that the detected mutagenic activity was distributed in several of the fractions. Most of the activity of the whole condensate was in basic fractions and in a weakly acidic fraction. Condensates from cigarettes treated with magnesium nitrate differed from other condensates in two respects. They contained frameshift mutagens which did not require microsomal activation and mutagens which could cause base-pair substitution mutations. Although the detection system usually employs rat liver microsomal preparations, a rat lung microsomal preparation was also found to be capable of converting smoke condensates and known chemical carcinogens into mutagenic forms.
In this laboratory a simple, quantitative, and sensitive bacterial assay system for the detection of mutagenic compounds has been developed (1) (2) (3) (4) (5) . The system determines the ability of compounds to revert histidine auxotrophs of Salmonella typhimurium to histidine prototrophy, an event which requires mutation of the DNA. The use of a rat liver microsomal fraction in the assay system extends the scope of the system to include compounds which require nonbacterial metabolism for conversion into active mutagenic agents (6) . A wide variety of carcinogens have been shown to be mutagens with this test system (1) (2) (3) (4) (5) (6) . This, and other work, showing that chemical carcinogens are mutagens strongly supports the appealing theory that cancer can be caused by somatic mutations (6) . The economy of this bacterial assay suggests its usefulness as a tool in rapidly obtaining information about the potential mutagenic/careinogenic activity of uncharacterized compounds in complex mixtures.
We have employed the Salmonella test system in characterizing cigarette smoke condensate, i.e., the particulate matter of cigarette smoke which contains over 1200 known components and many as yet unidentified compounds (reviewed in ref. 7) . Cigarette smoke condensate is known to act as a carcinogen and cocarcinogen in mouse skin tests (8, 9) , and statistical evidence indicates that cigarette smoke is a contributing factor in the cause of human cancer (10-12).
We were able to demonstrate that cigarette smoke condensates have mutagenic activity. The assay system enabled us to assess the type of mutagenic activity present and the role of mammalian metabolism in the expression of this mutagenic activity. We have also examined fractions of the cigarette smoke condensate to determine the distribution of the de-4159 tected mutagenic activity among the classes of chemical compounds which are separated by the fractionation procedure.
MATERIALS AND METHODS
Bacterial Strains. The Salmbnella typhimurium strains used, TA1535, TA1536, TA1537, and TA1538, have been described in detail previously (5 (13) . Detailed procedures for producing the smoke condensate from the lA1 cigarette and analyses of the fractions are published (14) . The samples used in these assays are from lot number 2 of the lA1 cigarette smoke condensate.
Samples, dissolved in dimethyl sulfoxide to a concentration of 1 mg/ml, were shipped in dry ice and stored at -80°. "S-9" Livez and Lung Microsomal Fractions. In order to induce microsomal enzymes, we injected two male SpragueDawley rats weighing approximately 250 g apiece, intraperitoneally with 0.5 ml of 200 mg/ml of Aroclor dissolved in corn oil (15, 16) . Food was removed for a 12-hr period on the fifth day after the injections, the rats were sacrificed, and the S-9 liver microsomal fraction was prepared as previously described (6) . The lung microsomal S-9 fraction was prepared from three male Sprague-Dawley rats weighing approximately 550 g apiece, injected intraperitoneally (500 mg/kg) with Aroclor 1254. On the fifth day after injection, rats were sacrificed and the lungs excised. Because of the fibrous nature of the lung tissue, the lungs were homogenized at 0°for 5 min in a Polytron tissue homogenizer (Brinkmann Instruments, Westbury, N.Y.) rather than the Potter-Elvehjem apparatus used for the liver. The S-9 fraction was then prepared from the homogenate in the same manner as the liver fraction. The lung and liver fractions contained 23 and 31 mg/ml of protein, respectively, as determined by the method of Lowry et al. (17) .
Preparation of S-9 Mix. The procedures employed in preparation and use of S-9 Mix have been described previously (6) . S-9 Mix contains 0.3 ml of S-9 fraction per ml, 8 mM MgCl2, 33 mM KCl, 5 mM glucose-6-phosphate, 4 mM NADP and 100 mM sodium phosphate, pH 7.4. Although liver preparations were usually sterile, the lung preparation contained bacterial contaminants. These were removed by passage of lung S-9 Mix through a sterile Swinex Filter unit (Millipore Corp., Bedford, Mass.) equipped with a Millipore filter (0.45-m pore size). In experiments where the amount of S-9 fraction in the S-9 Mix was varied, sterile water replaced the omitted amount of S-9 fraction. All other components were kept at the same concentration.
Mutagenesis Assays. The procedures used in the mutagenesis assays, including the use of the liver microsomal fraction S-9 Mix, have been described in detail (5, 6) . For plate incorporation assays, 0.1 ml of bacterial tester strain, 0.5 ml of S-9 Mix if appropriate, and the sample to be tested are added to 2 ml of molten top agar. The contents are mixed and poured on agar plates. After 3 days of incubation, the colonies, which are revertants to histidine prototrophy, are counted. Controls were routinely performed to demonstrate the sterility of the microsomal preparations and samples. Dimethyl sulfoxide, in the amounts used, has no toxic or mutagenic effects on the tester strains.
RESULTS

Detection of mutagenic activity in whole condensates
Our work follows up a previous unpublished study by Eva Goldschmidt in this laboratory, which suggested that cigarette smoke condensates were capable of interacting with DNA. Using methods described in ref. 5 , we found that the nitrate-treated and control condensates gave larger zones of inhibition on a strain lacking the uvrB repair enzyme than on a strain possessing this repair enzyme. This indicated that the condensates were capable of causing damage to DNA which could be repaired when a functional uvrB gene was present. We have tested the ability of the condensates to revert histidine auxotrophs to prototrophs by the plate incorporation assay. The mutagenic activity of cigarette smoke condensates tested in this manner is shown in Fig. 1 have mutagenic activity towards TA1538; only the nitratetreated cigarette smoke condensate does not require the liver microsomal fraction for activation. At higher concentrations of cigarette smoke condensate, especially in the absence of the liver microsomal fraction, the number of revertant colonies (and spontaneous revertants) decreases, presumably owing to toxic effects. Because of this toxicity effect, the slopes of the rising portion of the curves shown in Fig. 1 Table 1 as the number of revertant colonies per 250 Mg of the sample. The known weight contribution of each fraction to the weight of the whole condensate also enables the calculation of the contribution of each fraction to the mutagenicity of the whole smoke condensate. The quantitation of the assays is demonstrated by the recovery of most of the mutagenic activity in the reconstituted sample (81% of the activity of the whole condensate) and the sum of the individual fractions (62% of the activity of the whole condensate).
Activation by the lung microsomal preparation
The filtration procedure used to sterilize the lung S-9 Mix has some effect on the ability of the lung S-9 Mix to metabolize compounds into mutagens. Since the contaminant colonies had to be subtracted from the total revertants, the effects of filtration were tested by using a mutagen which requires microsomal activation and gives large numbers of revertant colonies. When tested in the plate incorporation assay with 20 ,ug per plate of 2-aminoanthracene, TA1538 as tester strain, and 0.5 ml of filtered or unfiltered lung S-9 Mix, the filtered mix gave 3400 revertants per plate and the unfiltered mix, 5000 revertants. Liver S-9 Mix gave about 11,000 revertants per plate. The number of colonies on plates without 2-aminoanthracene was 20 and 195 for the filtered and unfiltered lung preparations. Thus, a loss of about 30% in number of revertant colonies could be attributed to the filtration, but the procedure is necessary to give unambiguous and statistically significant results.
Filtered lung microsomal preparations were tested for their ability to activate different types of compounds and compared with liver in this respect. Results of these experiments 
DISCUSSION
We have been able to demonstrate the presence of detectable mutagenic activity in very low amounts of smoke condensate from different cigarettes. The smoke condensate from less than one-hundredth of one cigarette gives a significant increase in revertant colonies. It is clear that there are a variety of substances in the condensate with mutagenic activity, since several fractions of condensate had mutagenic activity. The mutagenic activity found is usually expressed in reverting the particular frameshift mutation of TA1538, indicating that the agents involved are acting as frameshift mutagens. The frameshift mutation in TA1538 is located near a -CGCGCGCGsequence of DNA (18) and this strain is particularly sensitive to many frameshift mutagens when compared to the frameshift mutations in TA1536 or TA1537 (5, 6) . In addition, TA1538 is more sensitive to aromatic amines than to some polycyclic aromatic hydrocarbons such as benzo [a]pyrene (6; Fig. 2 ). This may introduce a bias in the interpretation of the relative mutagenicity of the smoke condensate fractions. If the basic fractions contain aromatic amines, they might be expected to exhibit more mutagenicity towards TA1538 than the neutral fractions containing the polycyclic aromatic hydrocarbons. Since different frameshift mutants have different sensitivities to various mutagens, an exact determination of relative mutagenicity cannot be made with one strain alone.
The nitrate-treated cigarette smoke condensate differs significantly from the other smoke condensates in its lack of requirement for microsomal preparations for mutagenic activity towards TA1538 and in its ability to revert the basepair substitution mutation in TA1535. The nitrate treatment may have produced much higher levels of mutagens present in the other condensates (not detected at the levels employed) or it may have produced new types of mutagenic agents not found in the other condensates.
The fact that, in most cases, the presence of a microsomal preparation is required for the detection of activity, suggests that metabolism by microsomal enzymes may be an important factor in -determining the biological activity of cigarette smoke. A primary site of metabolism of the compounds of cigarette smoke is probably the tissue of the respiratory tract.
Rat lung tissue has been shown to have mixed function oxidase activities which require induction for expression (reviewed in ref. 19 ). Our studies indicate that rat lung tissue contains the enzymes necessary to convert both known chemical carcinogens and cigarette smoke condensates into agents which are mutagenic in the Salmonella test system. Some qualitative and quantitative differences are observed wheh lung S-9 preparations are compared to liver S-9 preparations. Quantitative differences should not be emphasized since evidence exists that lung microsomal activity in the rat depends on the presence and nature of inducing compounds (19) , and we have not attempted to specifically maximize conditions for inducing and preparing lung microsomal extracts. One significant qualitative difference in the activation capability of lung microsomal preparations when compared to liver microsomal preparations is the relative inability of the lung S-9 Mix to activate 2-acetylaminofluorene. Perhaps the lung tissue has less deacetylase activity than liver tissue. It should be noted that the interaction of microsomal enzymes and chemicals is complex. The decrease in number of revertants as the concentration of S-9 is increased in Fig. 2 and the protective effect of S-9 against the toxic effects of cigarette smoke condensates suggest that high levels of microsomal enzymes may detoxify certain compounds as well as metabolize active mutagenic agents into inactive forms.
In attempting to relate these findings to possible biological activity in humans, it should be emphasized that a wide variety of known chemical carcinogens have been shown to have mutagenic activity in the Salmonella assay system (6) . The bulk of tumor-initiating activity detected in mouse skin tests has been found in the neutral fractions of condensate and is presumed to be due to polycyclic aromatic hydrocarbons (8, 9 (14) , are much too low to account for the observed mutagenicity (compare Table 1 and Fig. 3) . Therefore, the presence of other compounds must be responsible for the total mutagenic activity in this fraction. In carcinogenesis experiments, a mixture of 17 polycyclic aromatic hydrocarbons was found to be much more effective than benzo [alpyrene alone in duplicating the effects of neutral fraction compounds (8) .
Because the polycyclic aromatic hydrocarbons alone do not explain the complete biological activity of cigarette smoke condensates, attention has centered on cocarcinogenic and tumor-promoting activity of cigarette smoke condensates (20 Faust, in preparation). These two fractions possess considerable mutagenic activity in our test system and contribute 56% to the mutagenic activity of the whole condensate.
The bacterial assay system should provide a rapid, extremely sensitive, and quantitative probe for studying the biological activity of cigarette smoke condensates with a minimal amount of time and expense. We have developed several additional new tester strains that detect with great sensitivity some carcinogens that are inactive or only weakly detected by our present strains. These may detect still other mutagens in the smoke condensate. The system should also prove a useful tool in elucidating the exact role of microsomal metabolism in the activation of mutagenic agents. Experiments similar to the ones described could be performed with human autopsy lung microsomal extracts. If the correlation found so far between carcinogenic and mutagenic activity is true in this case also, the bacterial assay system may be an important tool in isolating and identifying the carcinogens of cigarette smoke. These can then be tested as pure compounds in long-term cancer tests in rodents. Our main interest has been to demonstrate the usefulness of the test, and we do not plan any further work on cigarette smoke.
